Abstract. It is wide foreground that aerial electrostatic spraying technology is applied for prevention and cure pests in agriculture and forestry. In the field of agriculture aviation, there are some advantages about helicopter such as flight convenience and realizing pesticide spraying in low-
Introduction
It presses a solution to apply aerial spray technique for controlling of forest and agriculture diseases and insect pests. In recent years, the damage area of insect pests become larger and larger in China and the damage has some character such as terrifying force, outburst and unexpectedly. Locust, snout moth's larva and cotton bollworm are often repeated emergence. It makes agriculture production suffer heavy losses. The application of aerial spraying becomes more and more. In 1918, the USA applied aerial spray successfully for forage pest with biplane. In 1921, the Ohio state of USA applied aerial spray for moth larva. Until the end of 1950s, the helicopter had joined the agricultural aviation. But the droplets of these spraying devices are not uniform and drift of droplets is very serious. W.C. Hoffmann had studied the droplet drift experiments in 2003，Kirk had studied the droplet drift experiments with chosen 12 kinds of spraying additive in 2003. With the AT-402B plane, Kirk had also studied the aerial spraying methods for improving the droplet deposition on the wheat in 2004.
Electrostatic spray technique has been introduced into agricultural pesticide applications for many years. Law and Cooper (1988) investigated depositions of charged and uncharged droplets from orchard air carrier sprayer. They found the deposition charged droplets could increase from 1.5 to 2.4-fold over uncharged droplets from the same air-atomizing, inductingcharging nozzles. Combining Electrostatic spray technique with high-range spray technique, a trailer-mounted ULV sprayer was re-equipped with an electrostatic device (Zhu, 1990) . A knapsack electrostatic sprayer was developed with a centrifugal fan driven by a gasoline engine. A rotary-cage electrostatic spraying nozzle was driven by air-stream with contact charging electrode (Zheng and Xian, 1990) . A power-carried axial air-assisted electrostatic sprayer for locust control (Xian and Zheng et al, 1992) was developed. With the experiments in a wind tunnel, Almekinders et al (l993) indicated that charged sprays with additional air assistance could provide significantly improved deposition efficiency on targets for small charged droplets. The indoor and outdoor experiments of pest controls (Gao et al., 1994) verified that the electrostatic spray could improve deposition efficiency and coverage uniformity, accelerate the droplet settling speed, reduce the drift loss, and lower the pesticide application rate. A tractor mounted automatic target detecting air-assisted electrostatic orchard sprayer with low spray volume (He et al, 2003) has been developed.
To improve the effective spraying area, decrease the droplets drift and enhance the penetration and deposition of droplets in aerial spraying field, the Spectrum Electrostatic Sprayers, Inc has designed and manufactured the Air Electrostatic Spraying System. It is the most advanced Air Electrostatic Spraying System from the 1990s and suitable for various middle and small propeller aircraft and helicopters. With integrated Electrostatic generating technology and aerial low-volume & ultra low-volume spraying technology, it is widely used in aerial spraying for forest, grassland, orchard and crops. Kirk, Hoffmann and Carlton（2001）had compared the cotton spraying effects with aerial electrostatic spraying technology and conventional aerial spraying technology. It was shown that the aerial electrostatic spraying efficiency was nearly decuple higher than that of conventional aerial spraying, especially on the back of vane. In china, research on aerial electrostatic spraying technique is initial stage.
The objectives of this research were to measure the spray breadth, drift and the deposition characteristics with an invented aerial electrostatic spraying system applied in helicopter so as to meet the forest and agriculture pest control for large area, reduce the application expenses and improve the ecological environment.
Equipment and Methods

Aerial electrostatic spraying system
Based on the theoretical analysis and practical experiments and the requirements for the large area forest pest control, an aerial electrostatic spraying system applied on helicopter was developed (China Patent No ZL200720010163. 3) as show in figure1. The spraying system includes electrostatic generator and two sets of nozzles. An electrostatic generator with two high-voltage power can output positive and negative high-voltage simultaneously and was used to deliver voltage of 24-36V into a high-voltage generator with output voltage of 10 kV in common use and 20 kV in maximum and mounted on the aircraft. It is connected with the aircraft engine by low voltage branch controller and common-ground link with the aircraft engine. The high-voltage power supply can be controlled in cockpit for adjusting the output voltage of spraying. There are 2 transverse nozzle tubes jut out from ventral to the both sides of the plane. The nozzle tubes are 12m long and made of stainless steel. With screw thread, two groups of nozzles (14 nozzles of each group) are connected with the transverse nozzle tubes. Metal electrodes are installed on the nozzles. The metal electrodes of each group are parallel connected with the corresponding positive & negative output terminal of the DC high-voltage switching power supply. As a result, the electrodes' voltage polarity of the 1st group is contrary to the 2nd group. The grounding ends of the power supplies are connected to the frame of the aircraft. The pesticide tank, with the volume of 200L, is installed on the ventral of the aircraft. When aerial spraying, the pesticide is provided to the spraying device by the electric pump.
When aerial spraying, because of that the nozzle electrodes are provided positive voltage, there will be induced electric field with negative high-voltage between the 2 electrodes. The droplets generated by the nozzles, when passing through the field, will be negative charged. The electricity of the nozzles extends to the frame through the transverse nozzle tubes, so that the whole aircraft is not charged. Affected by the electric field, the charged droplets move toward the ground target plants. Then attracted by the opposite charge of the plants and captured by the plants surface. So, on the plants surface, especially on the back of vane and on the vane of the crown, the deposition rate of the droplets is significantly increased; and because of that the droplet is charged the same as each other, there will not be agglomeration effect. The distribution uniformity is greatly improved and the drift loss is significantly decreased. It is beneficial for the spraying efficiency increase, cost reduction and environmental pollution decrease.
Aerial electrostatic nozzle
The electrostatic nozzle is the most important component of the aerial electrostatic spray system. Its structure design decides directly the effects of spraying and agricultural and forestry pest control. In order to get the best spraying effect, the electrostatic nozzle with an embedded and tubular electrode is designed. The charging device was designed using induce charging methods, supplying 10kV high voltage by the embedded electrode with a single nozzle (figure 2). The embedded and tubular electrode, were mounted on around atomizing area for nozzles. It charges droplets in the atomizing area, without intervening the droplet transporting. Highvoltage wires pass through the fixture and connected with stainless steel tubular electrodes and installed with the same axis of the nozzle. There is a certain distance from the outer edge of the electrode to the surface of the orifice, which is decided by the size of the tubular electrode and the spraying angle of the nozzle, so that the extrusive liquid can fully charged by electrostatic field. There is sufficient radial clearance between the inner surface of the tubular electrode and the nozzle precursor, so the air layer can pass through the electrode. Every nozzle is mainly composed of the nozzle tip, the nozzle precursor that is used for installing the hydro-cyclone and the nozzle tip, the nozzle and the check valve (figure 3). The nozzle tip is a conical structure and can provide a hollow cone spraying pattern together with the hydro-cyclone. There is a check valve cushion in the rear of the nozzle, which is used for adjusting the spraying pressure and preventing the droplet leakage. For desired charging effect, nozzles are made of PVC. There were 28 electrostatic charging nozzles which were mounted on the transverse nozzle tubes of the R44 helicopter and installed in proportional spacing on both sides of the helicopter . 
High-voltage generator
High-voltage electrode mounted on the nozzle produces high voltage corona which makes droplets charged. In order to ensure the formation of corona field, the high-voltage generator should be supplied with limited voltage and steady current. The highest voltage can be set by a regulating knob. Under steady power supply, stabilized current will decide current density of corona field. Voltage amplitude can be adjusted according to conditions of corona field. In this manner, output current keeps steady and charging equipment can work normally under wider variation range of corona field.
The nonlinear DC high-voltage power supply technique was introduced in the high-voltage power supply equipment, i.e. the typical DC high-voltage switch power supply technique in DC-DC mode (figure 4). The MOSFET, IGBT, quasi-resonant frequency conversion technique (the frequency of power supply can be 2500Hz) and the silicon voltage multiplier technique were introduced. Compared with the linear power supply, it has outstanding characteristics of high efficiency, small volume, low weight, fast reaction, low power storage and short period of designing and manufacturing.
The ±10～±30kV/5mA DC high-voltage power was generated by the high voltage generator, the regulation and display systems were combined fixed in the same control box. The regulation switch, shunt supply insurance, trimmer pot, fault display LED, two ±HV digital display and the power supply of the digital display were included in the control box. The control box has the significant advantage of small volume (only 15cm×10cm×10cm), low weight (only 4.5kg), convenient moved and installed for monitoring and manual adjusting by pilot. 
Experiments
The experiment includes two parts: the ground test, which is carried out on the runway, and the field test. As measured, the ambient wind speed was 2m/s, the atmosphere temperature was 15 , relative humidity was 55%. Aerial electrostatic spray experiment includes the effective spraying swath test, droplets deposit investigations and droplets drift test. The 40m testing zone, which is perpendicular to the runway direction, is set up on the runway and the sampling papers are paved on the runway to collect the droplets. Red dye was filled in reagent for test so that red droplets can be seen distinctly on the papers. As shown on the Figure 5 , the test requires the helicopter flying twice at the speed of 75km/h, whose flight altitude is 8m. Each carries out separately the electrostatic spraying test and the non-electrostatic spraying test and the effective spraying swaths of two different cases are compared. Regarding the droplet depositions in 0m-1m，1m-2m……intervals as 40 test pieces, collect and record the deposition of red droplets. Theoretically, the deposition of more than 5 droplets/cm 2 represents the range of the effective spraying swath.
With the premise of determining the spraying swath of the non-electrostatic spraying and the electrostatic spraying, on the test region of ground, a spraying swath is increased on the opposite direction of the droplet drift which has the breadth of a spraying swath (Notice: increased breadth is different in two cases.) The sampling papers are paved on the ground. The test requires the helicopter flying twice at the flight altitude of 8m. The electrostatic spraying test and the non-electrostatic spraying test are carried out in the same flight. Each spraying has been repeated twice. The first spraying has the same position as the position of the spraying swath test. The second spraying requires that the spraying can not be carried out until just moving a spraying swath on the opposite direction of the droplet drift. At last, the droplet distribution on the testing papers after the first spraying has been recorded. The water stained with Eosin is adopted as drift testing medium. The arrangement of the test papers are shown in Figure 6 . 6  39  4  3  1 2  5 6  40m  34 35  38  1  4  34  3  5  35  39  36  2  36 38  37  37 First flying Second flying Between August 28-31, 2008, a large area of a fast growing poplar in Hubei Province were sprayed by R44 helicopter with aerial electrostatic spraying system to control micromelalopha troglodyte, a total area of 334ha had been sprayed (figure 7). 10 kg raw pesticide was mixed with 200kg water for each flight. The flight speed was 80 km / h, each flight lasted 10 minutes. Totally 10 working flights had been carried out and the average spraying area of each flight was about 34ha. The average dosage of the raw pesticide is 300g/ha. Before the spraying, the mixed pesticide was added an appropriate amount of liquid fluorescein sodium till the lightgreen color appeared. After the forestry targets receive the color droplets, the light-green color was useful for observing and stating droplet deposition distribution and deposition density. After three days, the pest mortality or the viability of the pre-arranged standard plants (gauze was setup for observation) was investigated till the seventh day.
Droplets drift direction
Results and Discussion
Spraying breadth measurement
After collecting droplets, droplets volumes were estimated by a square window with area of Col l ect i ng paper number non-el ect r ost at i c el ect r ost at i c Figure. 8 Droplet deposition distribution curve It was shown that the majority of samples were more than 10droplets/cm 2 , only a few of them were 5-7 droplets/cm 2 . The effective spraying swath had reached to 37.4m with nonelectrostatic spraying and 36m with electrostatic spraying. The droplet number was small in the region passed by the ventral part of the aircraft. Because of that in order to ensure the safety of the flight, the nozzles were not installed under the ventral part of the aircraft. So there was area without spraying. The shown droplet deposition was due to droplet drift. Although nonelectrostatic spraying swath was larger, the number of droplet deposition was small because of the serious droplet drift. Electrostatic spraying swath was relatively smaller, however, the number of droplets was obviously increased, the uniformity was improved and the pesticide was saved to improve the controlling effect. Contrasting with non-electrostatic spraying in per square centimeter, the number of droplets was obviously increased. It was shown that with the same dosage, the electrostatic spraying was more effective than the non-electrostatic spraying.
Droplet drift measurement
Droplet drift test results were displayed in Figure 9 . As shown by the Figure 9 (a), the numbers of droplets on the test piece 1 to test piece 13 were obviously increased. It was shown that after two sprayings, the droplet was overlapped on the positions of test piece 1 to 13 and the drift distance should be 13m. As shown by the Figure 9 (b), the numbers of droplets on the test piece 1 to test piece 7 were obviously increased. It was shown that after two sprayings, the droplet was overlapped on the positions of test piece 1 to 7 and the drift distance should be 8m. Therefore, the drift possibility of electrostatic spraying was reduced by 38% and the spraying efficiency was improved. 
Field test result
After field test, some result were received. with the electrostatic spraying, the average cumulative mortality of pest was 94.5% and with the non-electrostatic spraying, the average cumulative mortality of pest was 76.7%. The highest mortality of pest appeared on the fourth and the fifth day after spraying and the total number of dead pest reached up to 76% of total deaths. There was a sharp decline in deaths after the seventh day. It was shown in the tests that with the electrostatic spraying, the mortality of pest was significantly higher than that of the non-electrostatic spraying. It was positively correlated with the fact that the droplet deposition effect with electrostatic spraying was obviously better than that of non-electrostatic spraying. The reason was that with the electrostatic spraying, the droplet deposition density was larger, the distribution was more uniform and the larval had more chance to contact pesticide, so higher mortality; on the contrary, the droplet deposition density was smaller, less even distribution and the larvae had less chance to contact pesticide, so lower mortality. In this testing area, to achieve a satisfactory controlling effect, the dosage of raw pesticide for the fast growing poplar and the shelterbelts was over 600g/ha or even more than 1500g/ha in past years. However, with the aerial electrostatic spraying for controlling Micromelalopha troglodyte, to achieve the desired effect, the dosage of raw pesticide was only 300g/mu. It was shown that the effect of aerial electrostatic spraying was superior to conventional aerial spraying. It was beneficial for reducing spraying drift losses, improving the density of droplet deposition. Therefore, it had the outstanding advantages of high spraying efficiency and low spraying cost.
Conclusions
Nanjing forestry University has started the research work on basic theory, testing, measurement and practical applications in electrostatic spray since 1990s. The aerial electrostatic technique research result shows superiority for electrostatic spraying. The aerial electrostatic spraying can make the target coverage rate increase 12 droplets / cm 2 . When charging voltage is 10kV, electrostatic spray can make the spray breadth for 36m, improve the droplet distributing uniformity, decrease droplets drift for 38%. So the electrostatic spray in helicopter could produce uniform and fine droplets with better droplet adhesion and spread, higher deposit efficiency, lower environmental contamination, lower application rate, less application expenses and longer residual action than conventional aerial sprays.
On the bases of the experimental results and practical production examinations in the laboratory and field, it showed that combining aerial spray technique with electrostatic spray technique, the invented aerial electrostatic spraying system applied in R44 was provided with scientific design, rational structure, convenient operation, high productivity and high efficiency and had no harmful effects to all the airborne equipments and instruments of R44. It was completely suitable for the safe flight and spraying of R44 helicopter.
